GaSb 333 x-ray topography shows dislocations and vertical stripes than can be associated with circular growth bands. We compared our high-angular resolution x-ray diffraction measurements (rocking curves) with the findings predicted by the dynamical theory of x-ray diffraction. These measurements show that our GaSb single crystals have a relative variation in the lattice parameter (Δd/d) on the order of 10 -5
Introduction
GaSb single crystals are group III-V semiconductors. They possess suitable properties for electronic devices (viz., transistors, detectors, infrared sources, and high-efficiency thermophotovoltaic cells) especially due to their high electron-mobility and small band gap (~ 0.82 eV). [1] [2] Further, the combination of band offsets and lattice matching with other semiconductor materials makes GaSb very valuable as a substrate for different electronic devices that are based on epitaxial thin-layer films. However, defects that can be present in its crystalline structure reduce electron mobility and can introduce stress/strain, and even defects, in the epitaxial film. The Czochralski technique, usually is employed to grow GaSb crystals. 1, [3] [4] [5] [6] [7] Imperfections are expected (e.g., swirls, inclusions and dislocations) during growth that affect the crystal's structure and its electronic
properties. Intrinsic GaSb single-crystals are always p-type. Dopants like Al and Cd retain its p-type conductivity, while Te at concentrations over 10 17 atoms/cm 3 changes its conductivity to the n-type.
The advantage of Al and Cd dopants is that they reduce anti-site defects. widely used. [10] [11] [12] [13] [14] The differences between these approaches are their sensitivity to Δd/d and the type of defect to be detected.
High-angular resolution x-ray diffraction is a complementary measurement that can help to determine the crystal's quality. Such measurements are taken by the fine angular rotation of the crystal around the diffraction condition, the so-called rocking curve measurement. These assessments can be made using conventional x-ray sources or synchrotron sources. Different setups are employed for rocking curve measurements: 15 a) A dispersive setup using a 4-crystal monochromator (conventional sources) 16 or a monochromatic beam of a synchrotron source; and, b) a highly sensitive non-dispersive setup based on high diffraction order.
In the present work, we used Lang topography, We evaluated the quality of those crystals in relation to their practical application as electronic devices and x-ray monochromators, and discuss our findings here.
Experiment
Thin-(300 μm thick) and thick-crystals (2 mm thick) from GaSb ingots were oriented, cut, times. We establish this procedure to remove the damaged layer due to cutting and polishing.
Lang topography, in the horizontal scattering plane, was carried out using a conventional xray source (Long Fine Focus Mo target) (Fig. 1a) . The x-ray tube was set in the line focus geometry, so that the source's horizontal width was 40 μm (for a takeoff angle of 6º) and vertically it was 12 mm long. A 1.1 m long collimator with a slit of 150 μm allowed us to select, by the crystal diffraction, the energy of MoKα 1 (17.48 keV). The crystal was mounted on a Lang camera based on elastic translation. [17] [18] The images were acquired with high-spatial-resolution Kodak Industrex M5 films.
We also carried out high-resolution double crystal x-ray topography (Fig. 1b) to better characterize these crystals. The x-ray tube (long fine focus) also was set in the line focus geometry.
We employed the same 1.1 m long collimator, but with a slit of 0. films.
The rocking curve measurements were taken with the two different setups. For low-order reflections (111 and 220), a Ge 220 4-crystal monochromator was employed (Fig. 1c) at 8 .05 keV.
For high-order reflections (333 and 440) we chose an ultra-high resolution non-dispersive setup more sensitive to Δd/d (Fig. 1d) , also at 8.05 keV.
X-ray topography and rocking curve measurements
The Lang topography (Fig. 2a) To better characterize the sample, we undertook double crystal x-ray topography (Fig. 1b) on the selected dashed area of the Fig. 2a , at 8.05 keV for the GaSb 333 diffraction in reflection geometry (Bragg case). Such topography (Fig. 2b) direction via the Czochralski technique. This occurs because the method encompasses a substantial non-stationary growth process due to intense convective flows, misalignment of the axis of the crystal's rotation respect to the axis of the thermal symmetry, concentration overcooling, and other issues. 7 Together, these factors cause fluctuations in growth rate that are responsible for variations in the crystal's composition, entailing the formation of growth striations. 7 A solution for that is try to re-grow the crystal by the vertical Bridgman method. 7 We can consider the topography shown in Fig. 2b as plane wave x-ray topography due to the experimental setup we described in the section 2. Accordingly, we can extract a Δd/d map from the image. To obtain this map, we acquired the topography on the maximum slope at the high-angle side of the rocking curve. By considering the rocking curve of the GaSb 333 single crystal as a
Gaussian profile with the same full width of half maximum (FWHM) of the diffraction curve predicted by the dynamical theory of x-ray diffraction (FWHM = 19.7 μrad), we can employ the following expression to determine the angular deviation (Δθ) of the different points (a pixel-bypixel approach) on the image:
where σ is the width of the Gaussian profile, I is the intensity on the different points on the image (pixels), I max is the maximum intensity of the image, and ω is the angular position on the rocking curve where the image was acquired. With the different values for (Δθ) we can determine the relative variations in the lattice parameter (Δd/d):
where θ is the diffraction angle.
The two dimensional (2D) and a tri-dimensional (3D) map of Δd/d is shown in Figs. 3a and 3b. Variations within Δd/d ~ 10 -5 are very apparent. The extinction depth (that is the depth to which x-rays penetrate during diffraction) [19] [20] [21] has values varying from 1 μm to 50 μm. So, the detected Δd/d, caused by dislocations, precipitates or even structures due to the insufficient etching, lies very close to the surface. Such variations were not detected by rocking curve measurements; we did not identify any differences in comparing the experimental-and the theoretical rocking curves
[predicted by the dynamical theory of x-ray diffraction (Fig. 4) ]. Also, high-order diffraction rocking curve measurements (based on the non-dispersive setup, more sensitive to Δd/d) showed no significant differences (Table I) 
Conclusions
We characterized GaSb single crystals with different dopants grown by the liquid encapsulated Czochralski technique via x-ray topography and high-resolution rocking curves.
Dislocations, precipitates, and growth bands were observed on different topographies. 
